ABSTRACT An existing microsatellite genotype database has been used for several years in population genetic assignment analyses of boll weevils, Anthonomus grandis grandis Boheman (Coleoptera: Curculionidae), captured in eradication zones. It is important to update it in case of changes in genotype frequency at any of the locations over time. Such changes at neutral loci could be caused by drift, immigration, or population bottlenecks. We examined allele frequency distribution for 10 microsatellite loci to determine genetic differentiation among 10 boll weevil populations sampled from Texas and Mexico in 2009. In addition, temporal changes in genetic composition were examined in the eight populations for which samples were available from previous years. Substantial levels of spatial genetic structure were observed, with the 10 populations clustering as four major groups. Pairwise F ST estimates in 2009 samples ranged from 0.001 (College Station-Cameron) to 0.492 (College StationOjinaga). There was little change in genetic proÞles over time at four of the eight locations. Thus, for those four locations, genotype and allele frequency data can be pooled over the two sample dates, which will provide greater statistical power in future population assignment tests. However, genetic proÞles changed substantially at Ojinaga, and to a lesser extent at Uvalde, Cameron, and Rosales, so the 2009 genotype data should be substituted in future analyses. Finally, populations from two new locations, Brownsville and Lockhart, TX, were sampled, genotyped, and added to the database. The addition of Lockhart is particularly important given its surprisingly high differentiation from the relatively nearby populations of Cameron and Uvalde.
The boll weevil, Anthonomus grandis grandis Boheman (Coleoptera: Curculionidae), has been one of the most injurious pests of cultivated cotton, Gossypium hirsutum L., in North America for over a century (Allen 2008 , Smith et al. 2010 , and in South America for several decades (Stadler and Buteler 2007) . Most boll weevil movement results in dispersal over relatively short distances (Johnson et al. 1975 , Moody et al. 1993 , Raulston et al. 1996 , but long distance dispersal over several hundreds of kilometers is not unusual (Guerra 1988; Spurgeon et al. 1997; Sappington 2004a,b, 2006; Kim et al. , 2010 Westbrook et al. 2010a) . Reintroduction of weevils to eradication zones where populations have been eliminated or substantially suppressed is a perpetual concern because of the expense and difÞculty involved in eradicating new infestations (Culin et al. 1990 , Kim et al. 2010 , Smith et al. 2010 , Westbrook et al. 2010a ). Knowledge of pathways and magnitude of immigration is also important for planning and implementing the most effective strategies for achieving Þnal eradication in the Lower Rio Grande Valley and parts of the South Texas/Winter Garden zones, where elimination of endemic infestations has been especially difÞcult (Smith et al. 2010 , Troxclair 2010 , Westbrook et al. 2010b .
Genetic markers can be used to identify likely Þrst-generation migrants and their possible origins (Rannala and Mountain 1997 , Cornuet et al. 1999 , Piry et al. 2004 , Broquet and Petit 2009 , Lowe and Allendorf 2010 . Such population assign-ment analyses are widely used in conservation and Þsheries management (Manel et al. 2005 , Hauser et al. 2006 , invasive species studies (Davies et al. 1999 , Aketarawong et al. 2007 , Ciosi et al. 2008 , eradication contexts (Bonizzoni et al. 2004 , Miller et al. 2009 ), and many other ecological situations (Broquet and Petit 2009, Mayer et al. 2009) . Application of population genetic assignment methods using selectively neutral microsatellite markers has proven a useful and powerful tool in a number of contexts for elucidating likely origins of newly captured boll weevils in eradication zones Kim et al. , 2008 Kim et al. , 2010 . Identifying the geographic origin of weevils unexpectedly captured in an eradication zone helps program managers make the most appropriate immediate responses to prevent reestablishment, as well as to guide future monitoring strategies (Kim et al. , 2010 .
Changes in genotype frequency at neutral loci can be caused by drift, immigration, or population bottlenecks from recurring population extinction and recolonization. All of these processes are particularly likely in the case of boll weevil populations, which have suffered intense anthropogenic mortality under eradication regimes. Distinguishing between changes caused by drift or immigration after local eradication or near-eradication is difÞcult at any given location, and we have detected both kinds of situations in the past using population assignment strategies with these markers. For example, an infestation of boll weevils was discovered in 2004 in a noneradication area near Tlahualilo, Durango, just south of the South Central eradication zone in Chihuahua state, after a decade of apparent absence. By bringing genetic assignment and exclusion tests to bear, it was determined that the most likely source of this infestation was an endemic population that remained below detection thresholds rather than natural or human-transported immigrants from the north or east . In contrast, after Tropical Storm Erin passed through Texas in August 2007, monitoring traps began to capture large numbers of boll weevils in the Southern Rolling Plains eradication zone, which had been weevil-free since 2004. The most likely source was determined to be the still-infested Winter Garden area around Uvalde based on a combination of evidence from genetic assignment methods, pollen Þngerprinting, and atmospheric trajectory analysis (Kim et al. 2010 ).
The genetic assignment methods used for boll weevils involve comparison of the genotypes of target individuals against genotypes in a reference database of potential source populations sampled over the last decade. To maintain its effectiveness, it is important to update the reference database in case there have been changes in genotype frequencies within any given population over time. The goal of this study was to determine genetic differentiation at microsatellite loci among 10 populations of boll weevil (A. g. grandis), collected from Texas and Mexico in 2009, and to examine temporal changes in genetic composition in eight of those populations which were sampled in previous years, from 2000 to 2007. Although causes for any temporal changes are inherently interesting, the null hypothesis we tested for each location was that there had been no signiÞcant change in genotypic proÞle between the time of initial sampling and new samples in 2009. Lack of genetic change justiÞes pooling the previous samples with those of 2009, because the indistinguishable genetic proÞles indicate stasis over the sampling interval. Pooling is desirable, when justiÞed, because it increases the power of future assignment tests. Conversely, signiÞcant change over time indicates that genotype data from the previous sample should be discarded in favor of the most recent data. We also expanded the database to include two new locations not previously sampled (Lockhart and Brownsville, TX).
Materials and Methods
Sample Collection. Boll weevils were collected from 10 locations in central and southern Texas, and northern Mexico (Table 1 ; Fig. 1) . Eight of the locations, or equivalent nearby locations, had been sampled previously, and two (Lockhart and Brownsville, TX) represent new areas. The genetic equivalency of nearby locations is assumed from previous population genetics analyses indicating effective migrant exchange and lack of signiÞcant structuring at distances Ͻ300 km (Kim and Sappington 2006, and unpublished data) . New collections from other locations in the United States previously sampled and genotyped were not possible because eradication efforts had essentially driven those populations to or near extinction by 2009. Tampico, Mexico, was not be resampled for logistical rea- Kim and Sappington (2004c) , were ampliÞed in two multiplexed polymerase chain reactions (PCRs) as described by . Touchdown PCR was carried out under the following conditions: initial denaturation for 15 min at 94ЊC, followed by seven touchdown cycles starting at 94ЊC for 30 s, 67ЊC for 90 s, and 72ЊC for 60 s, with annealing temperature decreasing by 2ЊC per cycle to 53ЊC, followed by an additional 25 cycles at 94ЊC for 30 s, 53ЊC for 90 s, 72ЊC for 60 s, and Þnal extension at 60ЊC for 30 min. Individuals were genotyped using a CEQ 8000 Genetic Analysis System (Beckman Coulter, Fullerton, CA), as described by Kim and Sappington (2004c) .
An allele at 232 bp for locus AG-D11 had been noticed at low frequency in previous studies but was not reported because we considered it to be a PCR artifact resulting from an adenylation event during PCR. We now conclude it is a true allele because it was frequently detected in our 2009 samples. Accordingly, we reexamined all data sets from earlier samples and restored the 232 allele in several weevils. All analyses reported herein were conducted with the 232 allele restored.
Data Analysis. The number of alleles, allelic richness per population and locus, observed heterozygosity (H O ), and unbiased estimates of expected heterozygosity (H E ) under the assumption of HardyÐWeinberg equilibrium (HWE) were calculated with the Microsatellite Toolkit (Park 2001) and FSTAT version 2.9.3 (Goudet 1995) . Pairwise F ST estimates and their signiÞcance were calculated using a permutation approach in FSTAT version 2.9.3. GENEPOP 4.0.6 (Raymond and Rousset 1995) was used to conduct exact probability tests (Guo and Thompson 1992) for linkage disequilibrium between locus pairs, and deviation from HWE for each locus and population. The sequential Bonferroni correction was applied in multiple comparisons to maintain the nominal signiÞcance level of ␣ ϭ 0.05 (Rice 1989) . STRUCTURE 2.3.3 software (Pritchard et al. 2000 ) was used to reveal boll weevil population structure among geographic locations sampled in 2009, and among temporal samples within the same location, based on genetic similarity and clustering. Likelihood values, Ln P(D), were generated for each of Þve runs of STRUCTURE at K values of 1Ð10 for boll weevils at the 10 locations sampled in 2009. The initial burn-in period was 100,000, followed by 200,000 replications after burn-in. Temporal samples at the same location likewise were examined with STRUCTURE at K values of 1Ð5 to provide an indication of which locations harbor populations that have changed genetically between the two sample dates.
Changes in performance using genetic data from earlier samples in individual assignment (Paetkau et al. 1995 , Rannala and Mountain 1997 , Cornuet et al. 1999 ) and exclusion (Cornuet et al. 1999 ) tests were examined by including temporal samples from the same location. Both types of tests were carried out using the direct frequency-based and simulation approaches, respectively, implemented in the program GeneClass2 (Piry et al. 2004) , as described by . Using both helps in interpreting results and lends conÞdence to outcomes that are supported by multiple analyses. Individual assignment was conducted using the leave-one-out procedure (Paetkau et al. 1998 Cornuet et al. 1999) , where the genotype of an individual to be assigned is not included in the population from which it was sampled. If the individualÕs allele was absent from one of the tested populations, the value was set to 0.01. For assignment tests, the mean value of individual assignment scores was used rather than the population score, because the leave-one-out procedure is not an option for the latter. This procedure is particularly useful for populations that are not at equilibrium, which can be caused by the presence of immigrants (Cornuet et al. 1999) . To visualize the amount of genetic change over time within a location, the log likelihood values of individual genotypes being assigned to the earlier sample was plotted against its log likelihood value of being assigned to the later sample. The plotted points for each location are color-coded by whether the assigned individual was collected in the early or late sample. Lack of temporal change is evidenced by intermingling of values of the two colors. Conversely, temporal change results in clouds of values separated by color, i.e., separated by early and late origins. Table 1 for sample years).
Results

Genetic Diversity of Boll Weevils Collected in 2009.
In total, 54 alleles were detected across the 10 boll weevil microsatellite loci analyzed in the 10 populations sampled in 2009. Of the alleles in the eight populations sampled in 2009 and previously, only one allele (108 bp for locus AG-D1 in Weslaco, TX) had not been observed in any of the 24 total populations sampled in our earlier studies, and seven that had been observed earlier were not observed in 2009. All of these alleles were at low frequencies (Ͻ0.05) when detected.
The number of alleles per locus ranged from 2 to 10 with a mean of 5.4. Allelic diversity and allelic richness ranged, respectively, from 4.8 and 4.0 in the sample from Weslaco to 2.2 and 2.2 in the sample from Ojinaga. H O and H E heterozygosity showed a trend similar to that of allelic diversity. The highest genetic diversity was observed in Weslaco (H E ϭ 0.546) and the lowest in College Station (H E ϭ 0.184; Table 2 ). There were no instances of linkage disequilibrium, nor did any individual loci or populations signiÞcantly deviate from HWE.
Spatial Population Differentiation and Genetic Structure. Genetic differentiation between each pair of populations (i.e., pairwise F ST ) and signiÞcance are shown in Table 3 Table 4 ), indicating that the boll weevils from the 10 locations can potentially be divided into four main populations. The bar plot for K ϭ 4 of one of the Þve iterations with the highest likelihood value (Fig. 2) suggests that genotypes are best clustered as a Mexican population (Rosales, Ojinaga, (Fig. 2) , even though it is not geographically near the other three locations in that group (Figs. 1 and 2 ). This is consistent with a study to determine the likely sources of a large inßux of boll weevils into the Southern Rolling Plains eradication zone in late summer 2007, a zone where this insect had been successfully eradicated (Kim et al. 2010) . Population assignment and exclusion tests of captured weevils in that study, using the same markers and genotype information for all populations in the database, suggested the most likely source area was Uvalde, but with Weslaco and Kingsville as possibilities as well. It also is supported by evidence of extensive boll weevil movement on prevailing southeasterly winds from the Lower Rio Grande Valley, which includes Weslaco and Brownsville, to the Winter Garden area where Uvalde is located (Westbrook et al. 2010a ). However, pairwise F ST estimates for 2009 samples between Uvalde and the other three sample locations from the South Texas group are all signiÞcant (Table 3 ) and thus do not support its clustering with this group. Given its geographic proximity, the Lockhart population is surprisingly distinct from the Uvalde and Cameron populations, although it is less diverged from Uvalde than from any other population sampled ( (Table 2 ), but none of the differences were signiÞcant according to Wilcoxon rank sum tests conducted on pairs of values for each microsatellite locus (P ϭ 0.08 Ð 0.13). Likewise, none of the paired-comparisons differences were signiÞcant for any of the locations.
Genetic differentiation within each population sampled in different years, measured as pairwise F ST s and associated P values, provides one avenue for examining genetic change over time ( The mean pairwise F ST across time within the same locations was 0.061, and was 0.243 among different locations. When Ojinaga was excluded, mean F ST values were reduced to 0.023 for pairs from the same location and 0.200 among different locations, reßect-ing the high degree of genetic change that occurred in Ojinaga over time and its relatively high spatial isolation. Likewise, STRUCTURE analyses between old and new samples within each location support a single temporal population in all cases except Ojinaga (Table 5 ). The pairwise F ST s between Ojinaga and the other populations did not change signiÞcantly over time as a group (paired comparisons t-test, mean difference new Ð old ϭ Ϫ0.0203, t df ϭ 7 ϭ Ϫ0.53, P ϭ 0.62; Table 3 ).
Another approach to examine the extent of change in genetic proÞle in the same location over time is to conduct reciprocal assignment and exclusion tests on individuals between temporal samples. The best assignment value (i.e., lowest value in Table 6 ) or best nonexclusion value (i.e., highest percentage in Table  6 ) of boll weevils sampled in 2009 compared with possible source populations sampled pre-2009 do not always coincide with the same location, but in most cases, these scores are nevertheless close to the best. The same is true for assignment and exclusion values for boll weevils sampled in pre-2009 to possible source populations sampled in 2009. The exception is Ojinaga with poor reciprocal assignment scores relative to other putative source populations (Table 6 ). Most Table 1 for sample years and sizes), based on genotypes at 10 microsatellite loci The highest mean likelihood value among the number of putative populations ( Migrant exchange between these locations was inferred from genetic evidence in an earlier study .
In addition to Ojinaga, we conclude that genotype data collected from Uvalde, Cameron, and Rosales in 2009 should replace the data from earlier samples. Though the temporal changes were not as dramatic in these locations as in Ojinaga, the evidence is nevertheless consistent that detectable change in genetic proÞles has occurred. First, the temporal F ST s are signiÞcant between new and old samples at these locations. And second, plots of reciprocal assignment values provide visual support for temporal genetic change in these populations (Fig. 3) , though relatively slight in the cases of Cameron and Rosales. For assignment test, mean value of individual assignment likelihood (Ϫlog L i to j ) calculated using the Bayesian method with the leave-one-out option is listed. For exclusion test, percentage of individuals of each sample population that could not be statistically excluded (i.e., P Ͼ 0.01) as a potential source population is listed (Not-E).
We found no evidence for temporal change in genetic proÞles at the remaining four of eight locations where boll weevils were sampled in both 2009 and a previous year. For those four locationsÑWeslaco, Kingsville, College Station, and TlahualiloÑ genotype and allele frequency data can be pooled over the two sample dates, lending more statistical power to future population assignment tests involving those locations. The low magnitude of change in all but the Ojinaga population adds conÞdence to the future use of older data from populations for which new samples in 2009 could not be taken because of low population levels. However, the likelihood of change in those areas is greater than in the still-infested zones tested in this study because of probable genetic bottlenecks associated with severe population reductions resulting from eradication efforts, as well as increased scope for founder effects by recolonizing immigrants. Thus, results of future assignment tests using data from sites that could not be updated must be interpreted with due caution. Nevertheless, useful inferences can still be drawn from assignment and exclusion test results under such circumstances (e.g., , especially if combined with evidence from other disciplines (Kim et al. 2010) .
In addition to the temporal updates, two new locations, Brownsville and Lockhart, have been sampled, genotyped, and added to the database. The addition of Lockhart is particularly important given its surprisingly high isolation from its nearest neighbors, Cameron and Uvalde.
The updated and expanded database recommended for future use in population genetic assignment applications is presented in Supp Table S1 [online only].
